Summary:
The oxygen extraction fraction (OEF) at maxi mally vasodilated tissue in patients with chronic cerebro vascular disease was evaluated using positron emission tomography. The vascular responsiveness to changes in Paco2 was measured by the H2150 autoradiographic method. It was correlated with the resting-state OEF, as estimated using the 150 steady-state method. The sub jects comprised 15 patients with unilateral or bilateral oc clusion and stenosis of the internal carotid artery or middle cerebral artery or moyamoya disease. In hyper capnia, the scattergram between the OEF and the vas-In the early stages of hemodynamic insufficiency, a regional decrease in cerebral perfusion pressure causes a regional decline in oxygen supply in spite of a preserved oxygen consumption . Since this stage was first observed directly by positron emission tomography (PET) as an increased oxygen extraction fraction (OEF) and was termed "misery perfusion" by Baron et al. (1981) , OEF has become important, both as an in dicator of the balance between oxygen availability and oxygen consumption and as a determiner of the tissue viability . However, there have been very few attempts to estimate or cular responsiveness to changes in Paco2 revealed a sig nificant negative correlation in 11 of 19 studies on these patients, and the OEF at the zero cross point of the re gression line with a vascular responsiveness of 0 was 0.53 ± 0.08 (n = J J). This OEF in the resting state corre sponds to exhaustion of the capacity for vasodilation. The vasodilatory capacity is discussed in relation to the lower limit of autoregulation. Key Words: Autoregula tion-Hemodynamics-Cerebral blood flow-C02 re sponsiveness-Oxygen extraction fraction--Positron emission tomography.
manipUlate the absolute value of OEF in relation to these pathophysiological circumstances (Baron et al., 1983; Wi se et al., 1983; Powers et al., 1984; Samson et al., 1985) .
In brain tissue with an insufficiency of cerebral perfusion pressure, the vascular responsiveness to vasodilator is expected to be reduced owing to an already existing autoregulatory vasodilation. This has been observed repeatedly by measuring the re maining margin of vasodilation (i.e., vasodilatory capacity) (Novack et al., 1953; Harper, 1965; Sha piro et al., 1966; Ackerman et al., 1973; Norrving et al., 1982; Vorstrup et al., 1986) . Since autoregula tion is commonly accepted as being essentially a regional function of the vasculature (Skinhj21j and Paulson, 1969; Paulson et al., 1972; Strandgaard and Paulson, 1984) , examination of the regional re lationship between OEF and the vascular respon siveness to vasodilator should allow us to delineate the critical border at which the resistance vessels may reach maximum vasodilation (Fazekas and Alman, 1964; MacKenzie et al., 1979) and its OEF value.
The purpose of the present study was to estimate the border OEF, where the vascular response to Paco2 change disappeared, presumably in close correlation to the lower limit of the autoregulatory range of cerebral perfusion pressure (MacKenzie et al., 1979) . This was done by examining the regional relationships between OEF in the resting state and the vascular responsiveness to P aco2 change for hypercapnia and hypocapnia in patients with chronic cerebrovascular disease.
MATERIALS AND METHODS

Patients
The subjects of this study comprised 15 patients with cerebrovascular disease (Table O . Carotid angiographical findings for these subjects revealed childhood moyamoya disease (case nos. 1, 2, 10, 12), bilateral internal carotid artery occlusion or severe stenosis (case nos. 3, 11, 15) , unilateral internal carotid artery occlusion or severe ste nosis (case nos. 4, 7, 8, 14) , and unilateral middle cere bral artery occlusion or severe stenosis (case nos. 5, 6, 9, 13) . All the occlusive diseases were thought to be throm botic based on clinical features. The PET study was per formed at 2 weeks at the earliest, but usually> 1 month after the onset of neurological symptoms. Six patients were examined twice as a follow-up study, and some of these investigations were performed after a vascular re constructive operation. In all studies, informed consent from either each patient or his/her parent was obtained.
PET measurement
The patient lay on the PET couch in the supine posi tion and the radial artery was catheterized for sampling of the arterial blood. A lateral x-ray view with the landmark on the face mask was performed to record the exact scan position (Yamaguchi et al., 1986b; Miura et al., 1988 ). X-Ray computed tomography (CT) was also performed prior to the PET study to adjust the anatomical locations and to avoid low-density areas in the data analysis.
The patient was first measured for a transmission scan for attenuation correction of positron annihilation )I-rays. The PET scanner used was the Headtome III, a three ring five-plane PET scanner (Kanno et al., 1985a) . The spatial resolution of the Headtome III in clinical use was 10 mm full width at half-maximum (FWHM) in the image plane and 12 mm FWHM in slice thickness. The effect of the deadtime in the present study was < 1 % (Yamamoto et al., 1986) .
The ISO-labeled gas inhalation steady-state method was employed with the subject in the resting condition, fol lowing the method used by Frackowiack et al. (1980) and later modified by Lammertsma and Jones (1983) (Yama guchi et al., 1986b ). An emission scan was begun fol lowing a 1O-min continuous CI502 inhalation for equilib rium and continued for 12 min during the steady-state CI502 inhalation. 1\\' 0 scans were carried out to interlace with each other with a 7.5-mm interval between the planes. A second emission scan was similarly performed for steady-state 1502 inhalation. Then, a CI50 scan was done 4 min after a I-min CI50 inhalation. During each emission scan, arterial blood was sampled and measured for its radioactivity levels in the whole blood and the plasma using a well counter. Blood gas was measured with a blood gas auto-analyzer (lL 1303; Instrumentation Laboratory, Lexington, MA, U.S.A.). From these data, CBF, OEF, CMR02, and cerebral blood volume (CBV) were obtained, all during the resting state.
Following the 150 steady-state study, an H2150 autora diographic investigation was performed during rest and also during hypercapnia and/or hypocapnia (Kanno et al., 1985b . The catheter was reconnected with a a Interval between neurological onset and positron emission tomography (PET) study. thinner manometer tube for continuous withdrawal of ar terial blood to measure the exact arterial input function. Gaseous H2150 was produced using the in-target syn thesis method (Hagami et aI., 1986) , and was transferred to the PET room and bubbled into a saline-filled vial in the auto-injection device. Five milliliters of saline con taining HPO was injected as a bolus into the cubital vein of the opposite arm, and was followed immediately by 10 ml saline to wash out the staining radioactivity in the vein. The radioactivity dose in millicuries to be injected was set at 0.4 times the body weight in kilograms. The I-min PET scan was begun 10-15 s after the injection (Kanno et aI., 1987) . The dispersion error involved in the arterial input function was corrected in the calculation by means of the inverse Laplace transform (Iida et aI., 1986; Kanno et aI., 1987) . CBF was calculated by the table lookup technique based on the double-integral method (Kanno and Lassen, 1979) .
Forced hypercapnia was achieved by 7% CO2 inhala tion, which was begun 1 min before the H2150 injection and continued until the end of the scan. The total inhala tion time was 2-3 min. Forced hypocapnia was induced by hyperventilation using the same time schedule. A total of 19 hypercapnia and 16 hypocapnia studies were car ried out (Table 2 ). Paco2 was measured from paired arte rial blood samples taken before and after the continuous withdrawal of arterial blood. Throughout the study, blood pressure was monitored with an arm cuff on the lower leg.
Data analysis
The vascular responsiveness to Paco2 change was de fined as the percentage change in CBF per absolute change in Paco2 in millimeters of mercury from the "at rest" condition to the "at hypercapnia" or "at hypo capnia" state, based on observation of the exponential nature of the CBF change versus Paco2 change (Tominaga et aI., 1976) :
where the subscripts r and a denote parameters of the "at rest" condition and at either "activation" of hypercapnia or hypocapnia. The unit of the vascular response is per centage per millimeter of mercury of PaC02' Calculation of Eq. 1 was carried out pixel by pixel, and images of the vascular response to PaC02 change were obtained.
The data were assessed by placing a region of interest on CBF, OEF, and the vascular response to PaC02 change. The same regions of interest at the same loca tions were adopted in each image. The region-of-interest size was a 3 x 4-cm ellipse. Low-density areas on the x-ray CT were avoided when locating each region of in terest. On a single plane, 6-10 regions of interest were placed, and 30-40 for each study. The global mean for The mean global vascular response to Paco2 change for hypercapnia (2.9 ± 2.1) was slightly lower than that obtained using the same PET technique in normal men (3.9 ± 0.4) (n = 13) (Kanno et al., 1985b) , but the differences were not significant. Figure 1 shows typical images obtained in a pa tient with childhood moyamoya disease (study no.
11).
On the x-ray CT, no low-density lesion was seen. In the bilateral internal carotid artery territo ries, a diffuse reduction of CBF and concomitant elevation of OEF were observed. The vascular re sponse to P aco2 change of the same area was mark edly low for hypercapnia and high for hypocapnia.
In other words, this area was severely nonrespon sive to Paco2 changes compared with the area of the vertebral artery distribution. . .
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FIG. 1. Positron emission tomographic images obtained from a patient with childhood moyamoya disease. Top: The images show the CBF (left) and oxygen extraction fraction (OEF) (right) in the resting state measured by the ISO-gas inhalation steady state method. Bottom: The images show the ratios of two CBF measurements by the H2150 autoradiographic method, i.e., the vascular responsiveness to p.co2 change during hypercapnia (left) and hypocapnia (right), of which the p.co2 changes from the resting state were 7.6 and -6.0 mm Hg, respectively. The frontal to posterior orientation of the brain is top to bottom in each image, and that of right to left is left to right. CBF was markedly decreased in the bilateral frontal and frontotemporal cortices, which corresponded to the internal carotid artery terri tories. The OEF of this region was elevated, but its extension was narrower than that of the vascular regions not responsive to change in p.co2.
(case no. 1) is shown in Fig. 3 . The relationship be tween OEF and vascular response to Pac02 change for hypocapnia was found to be a positive correla tion. The regression line was similarly determined, and OEFp was obtained as 0.594 for Fig. 3 . How ever, as demonstrated in Ta ble 2, such a typical re lation was found in only 3 of 16 hypocapnic studies.
In all the hypercapnic and hypocapnic studies, 
DISCUSSION
Several studies have attempted to examine the absolute value of OEF in relation to the pathophys iological characteristics (Baron et aI., 1983; Wise et aI., 1983; Powers et aI., 1984; Samson et aI., 1985) .
The reason for there being a difficulty encountered in such analysis related to physiological function is that the OEF is that conceptual parameter for the derivation of CMR02 in the ISO steady-state method by definition (Jones et aI., 1976) . OEF itself involves no biochemical or physiological functions, although it accurately reflects the balance between oxygen supply and demand and reflects therefore the gradient of oxygen diffusion from blood to tissue. On the other hand, the vasodilatory capacity has been widely accepted as an essential parameter for evaluating hemodynamic insufficiency (Harper, 1965; Shapiro et aI., 1966; Ackerman et aI., 1973; Norrving et aI., 1982; Vorstrup et aI., 1986) .
The present study was undertaken as a trial de signed specifically to establish a link between OEF and hemodynamic function, by measuring the va sodilatory capacity as well as the vasocontractile capacity in the region of reduced cerebral perfusion pressure.
Accuracy of OEF d
First, we will delineate the methodological errors because accuracy was most fundamental in this study. The errors in OEF and CBF measured by the ISO steady-state method were within 10 and 15% in terms of the coefficient of variation, respectively (Yamaguchi et aI., 1986b) . However, CBF mea sured by the HZl50 auto radiographic method in volved a 20% error in terms of the coefficient of variation (Kanno et aI., 1987) , owing mainly to a slight time fluctuation in the determination of the rise point of the input function (Kanno et aI., 1987) that caused irregular global overestimations of CBF Based on the above considerations, the max imum error in individual OEFd values may be around ± 30%, and the error in the grand mean of OEFd for 11 individual patients could be reduced to less than ± 10%. On the other hand, the error in individual OEFp values may be greater than ± 100%, causing the grand mean of OEFp to be less significant.
Design of the present study
In the brain with focal ischemic lesions, a gra dient of cerebral perfusion pressure should exist between the surrounding normally perfused tissue and the ischemic core. According to the decrease in cerebral perfusion pressure toward the ischemic core, the autoregulatory vasodilation would be gradually enhanced, resulting in a narrowing of the autoregulatory range, and hence a reduced vascular response to PaCOZ change. After reaching the lower limit of autoregulation, however, a small vasodila tory capacity still remains (MacKenzie et aI., 1979) .
With further decrease in cerebral perfusion pres-sure, the vasodilatory capacity would become ex hausted, and OEF would probably increase in par allel owing to imperfect autoregulatory compensa tion.
Regional analysis of the vascular response to
PaC02 change to hypercapnia in relation to the resting OEF in individual patients with focal isch emic lesions would help to elucidate the above situ ation and allow us to determine a specific value of OEF at which the vascular responsiveness to the vasodilator disappears (Fazekas and Alman, 1964) . As a result, the nonresponsiveness to vasodilator observed here can be interpreted as a pure struc tural limitation of the resistance vessels, rather than a biochemical paralysis. In contrast, the vaso motor failure was observed focally as a positive re gression line for hypocapnia, and was found in only three patients who had diffuse ischemic areas (study nos. 1, 11, 17; see Ta ble 3).
CO2 responsiveness and OEF d
Evaluation of the resting OEF at the maximally vasodilated tissue should provide an insight into the relationship between the hemodynamic and the metabolic reserve in the tissue at critical cerebral perfusion pressure (Frackowiak, 1985) . Tissue where OEF is higher than the OEFd may suffer from an absolute lack of oxygen supply because of an exhausted vasodilatory capacity. In addition, metabolites may become stagnant owing to insuffi cient washout. These circumstances in severe tissue acidosis will sooner or later create a vicious cycle. The OEFd obtained here would correspond to the upper limit of OEF before such a critical stage. In fact, the OEFd obtained in the present study (0.53) was almost consistent with the highest OEF at which the tissue would preserve long lasting, morphologically normal tissue as observed in our laboratory (0.55) (Higano et aI., 1987) . 
CONCLUSION
The OEF at which the vascular response to Paco2 change disappeared was determined in patients with chronic, focal cerebrovascular disease. This was achieved by correlating the resting OEF with the hypercapnic vascular response to P aco2 change region by region. The critical OEF obtained was 0.53 ± 0.08 (n = 11), which appeared to be consis tent with the upper limit of OEF in long-lasting nonnecrotic tissue.
